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SHUPDQHQW PDJQHWV 30V LH 1G)H% DQG ORZ FRHUFLYH
IRUFH /&) 30V H[KLELWV DFFHSWDEOH WRUTXH FDSDELOLW\ DW
ORZ VSHHGV DQG KLJK HIILFLHQF\ DW KLJK VSHHGV 3UHYLRXV
OLWHUDWXUHVKDYHDGGUHVVHGWKDWWKHFRQVWDQWSRZHUVSHHG
UDQJH&365RI00VFDQEHIXUWKHUH[WHQGHGE\RQOLQH30
IOX[ FRQWURO DQG WKH UHTXLUHPHQW RI IOX[ZHDNHQLQJ ):
LQYHUWHUFXUUHQWFDQEHUHGXFHGDVZHOO1HYHUWKHOHVVKRZ
WRFRRUGLQDWHWKHGD[LVYHFWRU):DQG30PDJQHWL]DWLRQ
FRQWURO RYHU D ZKROH RSHUDWLQJ UDQJH LQ D UHDVRQDEOH
PDQQHU UHPDLQV XQUHSRUWHG 7KHUHIRUH WKLV SDSHU
SURSRVHV DQG LPSOHPHQWV D VWHSZLVH PDJQHWL]DWLRQ
FRQWURO VWUDWHJ\ RQ D '&PDJQHWL]HG PHPRU\ PDFKLQH
EDVHG RQ WKH RSHUDWLQJFKDUDFWHULVWLFV XQGHU YDULRXV 30
PDJQHWL]DWLRQVWDWHVDQGVSHHGUDQJHV7KHFRQILJXUDWLRQ
SULQFLSOH DQG PDWKHPDWLFDO PRGHO RI WKH LQYHVWLJDWHG
PDFKLQH DUH LQWURGXFHG ILUVW 7KHQ WKH SURSRVHG FRQWURO
VWUDWHJ\ LV HVWDEOLVKHG E\ GLYLGLQJ WKH RSHUDWLQJ HQYHORS
LQWR VHYHUDO ): UHJLRQV DQG DQ DSSURSULDWH ): FRQWURO
VFKHPH LVXWLOL]HGDWHDFKVWDJH ,WGHPRQVWUDWHVWKDW WKH
&365FDQEHHIIHFWLYHO\H[WHQGHGE\VLPSO\DSSO\LQJ WKH
GHPDJQHWL]LQJ FXUUHQW SXOVHV LQ VHYHUDO VWHSV 7KLV
VLPSOLILHV WKH FRQWURO HIIRUWV FRQVLGHUDEO\ ZLWKRXW
UHVRUWLQJ WR FRQWLQXRXV 30 IOX[ FRQWURO DQG IUHTXHQW
DFWLRQVRIWKHVZLWFKLQJGHYLFHV7KHHIIHFWLYHQHVVRIWKH
SURSRVHG FRQWURO VWUDWHJ\ LV YHULILHG E\ H[SHULPHQWDO
UHVXOWV

,QGH[ 7HUPV²&RQWURO VWUDWHJ\ '&PDJQHWL]HG IOX[
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(50$1(17 0$*1(7 30 0$&+,1(6 >@>@ DUH
H[WHQVLYHO\HPSOR\HGIRUYDULRXVDSSOLFDWLRQVGXHWRKLJK
WRUTXHGHQVLW\DQGHIILFLHQF\7RH[WHQGWKHLUFRQVWDQWSRZHU
VSHHG UDQJH &365 WKH IOX[ZHDNHQLQJFRQWURO LV JHQHUDOO\
UHTXLUHG GXH WR WKH FRQVWDQW 30 ILHOGV ZKLFK LV ZLGHO\
UHFRJQL]HGDVDFKDOOHQJLQJLVVXHIRUWUDFWLRQDSSOLFDWLRQV>@
>@1RZDGD\VYDULRXVIOX[ZHDNHQLQJ):PHWKRGV>@>@
DUH XWLOL]HG WR HIIHFWLYHO\ H[SDQG WKH VSHHG UDQJH RI 30
PDFKLQHV&RQYHQWLRQDOO\WKHQHJDWLYHGD[LVFXUUHQWDQGILHOG
FXUUHQW FRQWURO VWUDWHJLHV >@>@ FDQ EH HPSOR\HG WR
FRXQWHUDFWWKH30IOX[EH\RQGWKHEDVHVSHHG+RZHYHULWLV
UHODWLYHO\HOHFWULFDOO\VRSKLVWLFDWHGGXHWRWKHKLJKGHSHQGHQFH
RQ WKHPDFKLQHSDUDPHWHUVDQG3, UHJXODWRU HWF0HDQZKLOH
WKH FRQWLQXRXV H[FLWDWLRQ FRSSHU ORVV LV XQGHVLUDEOH IRU KLJK
HIILFLHQF\RSHUDWLRQLQ):UHJLRQ
0HPRU\PDFKLQH00DVDQDOWHUQDWLYH):VROXWLRQZDV
UHJDUGHG DV D SURPLVLQJ FDQGLGDWH IRU ZLGHVSHHGUDQJH
DSSOLFDWLRQV >@>@6LQFH WKHPDJQHWL]DWLRQ VWDWH 06RI
WKHHPSOR\HGYDULDEOHIOX[ORZFRHUFLYHIRUFH/&)30VFDQ
EH YDULHG E\ DSSO\LQJ D WHPSRUDU\ FXUUHQW SXOVH WKH DLUJDS
PDJQHWLFIOX[HVFDQEHIOH[LEO\UHJXODWHG7KXVWKHFRQWLQXRXV
GD[LV ): FXUUHQW LV UHGXFHG DQG KHQFH WKH DVVRFLDWHG











FODVVLILHG LQWR $& >@>@ DQG '&PDJQHWL]HG >@>@
W\SHV 7KH $&PDJQHWL]HG 00V FDQ EH GHVLJQHG DV ERWK D
K\EULG PDJQHW FRQILJXUDWLRQ >@ DQG D SROHFKDQJLQJ W\SH
>@ 7KH VXUIDFHPRXQWHG W\SH K\EULG PDJQHW 00 DUH
GHVLJQHGE\DVLPSOLILHGPDJQHWLFHTXLYDOHQWFLUFXLWPHWKRGLQ
>@ ,Q DGGLWLRQ $&PDJQHWL]HG 00V QRUPDOO\ DGRSW
YHFWRUFRQWURODOJRULWKPWRDSSO\DGD[LVFXUUHQWSXOVHLQVWDWRU
ZLQGLQJVWRYDU\WKHPDJQHWL]DWLRQOHYHORI/&)30V>@6




FRQWURO WKH GD[LV FXUUHQW ORRS XWLOL]HV WKH LQYHUVHPRGHO
IHHGIRUZDUG FRQWURO ZKLOH WKH TD[LV FXUUHQW ORRS HPSOR\V
IHHGEDFNFRQWURO >@ ,Q >@WKUHH IDPLOLHVRIPDJQHWL]LQJ
WUDMHFWRULHVFDQEHLGHQWLILHGZKLFKLVXVHGWRIXUWKHUH[WHQGWKH
VSHHG UDQJH DQG WKH KLJK HIILFLHQF\ FRQWURO RYHU DQ RYHUDOO
RSHUDWLQJUDQJHFDQEHDFKLHYHGZLWKDK\VWHUHVLVFRQWUROOHUIRU
WKH06RSHUDWLQJDOJRULWKP%HVLGHV D IOX[OLQNDJHREVHUYHU
EDVHG FXUUHQW GHFRXSOLQJ PHWKRG >@>@ ZDV XVHG WR
PLQLPL]HWKHWRUTXHULSSOHGXULQJWKHPDJQHWL]DWLRQWUDQVLHQWV
7KH06PDQLSXODWLRQFDQEHLPSOHPHQWHGDW]HURVSHHG]HUR
ORDG FRQGLWLRQ E\ XVLQJ YROWDJH GLVWXUEDQFH VWDWH ILOWHU WR
FRUUHFW WKH HVWLPDWHV IURP D IOX[ REVHUYHU 7KH PLVPDWFK
EHWZHHQ VLPXODWHG DQG PHDVXUHG RSHUDWLQJ HIILFLHQFLHV ZDV
KLJKOLJKWHGDQGLQYHVWLJDWHGLQ>@DQGDK\VWHUHVLV3,EDVHG
PHWKRGZDVHPSOR\HGWRFKRRVHWKHPDJQHWL]DWLRQWLPLQJRYHU
D GXW\F\FOH RSHUDWLRQ WR UHGXFH WKH RSHUDWLRQDO ORVV E\




PHWKRGEDVHGRQYHFWRUFRQWURO LVSURSRVHG IRUD VSRNHW\SH
00 >@ DQG WKH RSHUDWLQJ HQYHORS LV DQDO\]HG LQ >@$Q
H[LVWLQJGULYHLVXVHGWRPHDVXUHWKHGTLQGXFWDQFHVDQGWRUTXH




EDVHG 073$ FRQWURO VFKHPH IRU WKH VSRNHW\SH
$&PDJQHWL]HG00LV LPSOHPHQWHG WRVLJQLILFDQWO\VLPSOLI\
WKH FRQWURO HIIRUW E\ UHGXFLQJ WKH HIIHFW RI WKH LQGXFWDQFH
QRQOLQHDULW\ XQGHU GLIIHUHQW 06V >@ %HVLGHV D PRGLILHG




RQ WKH VWUXFWXUHG QHXUDO QHWZRUN 611 LQVWHDG RI WKH
FRQYHQWLRQDO ORRNXS WDEOH PHWKRG 7KH 611 LV XWLOL]HG WR
GHVFULEH WKH UHODWLRQVKLS EHWZHHQ WKH LQGXFWDQFH DQG FXUUHQW
XQGHUGLIIHUHQW06FDVHVUHVXOWLQJLQDGDWDILOLQJVSDFHVDYLQJ
DQGDQDFFXUDWH30IOX[OLQNDJHLGHQWLILFDWLRQ>@,Q>@$
FORVHG ORRS PHWKRG IRU PDJQHWL]DWLRQ PDQLSXODWLRQ WKDW
PLWLJDWHVWKHHIIHFWRIWHPSHUDWXUHLVSURSRVHG
)RU '&PDJQHWL]HG 00V >@>@ WKHGHVLJQ SURFHGXUH
PRGHOOLQJ DQG FRQWURO VWUDWHJ\ IRU D GRXEO\VDOLHQW 00
'600 DUH UHSRUWHG LQ >@>@ DQG WKH SRVVLELOLWLHV RI
GXDOPRGHRSHUDWLRQIRU WKH'600LV LQYHVWLJDWHG>@ LH
WKH'630PDFKLQHPRGHRUWKHVZLWFKHGUHOXFWDQFHPDFKLQH
PRGH %HVLGHV D PXOWLPRGH RSWLPL]DWLRQ PHWKRGRORJ\ IRU
'600FRQVLGHULQJPXOWLSOHRSHUDWLQJFRQGLWLRQVLVSURSRVHG
LQ >@ 7KH IOX[PRGXODWHG FRQFHSW LV H[WHQGHG WR
'&PDJQHWL]HG00WRFRPELQHKLJKWRUTXHGHQVLW\DQGZLGH
IOX[UHJXODWLRQFDSDELOLW\>@9HU\UHFHQWO\YDULRXVVZLWFKHG
IOX[ 00V 6)00V >@>@ ZHUH SUHVHQWHG WR UHVROYH WKH
GHPHULWVRI UHODWLYHO\FRPSOLFDWHGGHFRXSOLQJFXUUHQW FRQWURO
LQ $&PDJQHWL]HG RQHV DQG ODUJH WRUTXH ULSSOH LVVXH LQ
'600V
7KH UHYLHZ RI OLWHUDWXUHV VKRZV WKDW WKH FRQWURO LVVXHV RI
$&PDJQHWL]HG 00V KDYH EHHQ DOUHDG\ LQYHVWLJDWHG EXW D
FRPSOHWH DQG ZRUNDEOH JOREDO ): FRQWURO VWUDWHJ\ IRU
'&PDJQHWL]HG00VLVVWLOOXQUHSRUWHG,QIDFWGLIIHULQJIURP
WKH FRQYHQWLRQDO 30 PDFKLQHV XVLQJ RQO\ YHFWRU FRQWURO IRU
): WKH '&PDJQHWL]HG 00 UHTXLUHV D FRRUGLQDWHG FRQWURO
VFKHPH EHWZHHQ WKH WUDGLWLRQDO GD[LV FXUUHQW DQG WKH
PDJQHWL]DWLRQFXUUHQWSXOVH0HDQZKLOHWKHUHODWHGUHSRUWVRQ
KRZ WR GHDO ZLWK WKHVH WZR ): FXUUHQW FRPSRQHQWV XQGHU
GLIIHUHQWVSHHGUDQJHVLQDUHDVRQDEOHPDQQHUDUHDEVHQWLQWKH
H[LVWLQJ OLWHUDWXUHV +HQFH LW LV QHFHVVDU\ WR GHYHORS D QHZ
FRQWURO VWUDWHJ\ IRU HIIHFWLYH VSHHG H[WHQVLRQ DQG HIILFLHQF\
LPSURYHPHQWRYHUDZLGHRSHUDWLQJUDQJHZKLFK LV WKHPDLQ
IRFXVRIWKLVSDSHU
,Q RUGHU WR ILOO WKH DERYHPHQWLRQHG NQRZOHGJH JDS WKLV
SDSHU SURSRVHV D VWHSZLVH PDJQHWL]DWLRQ FRQWURO VWUDWHJ\ IRU
'&PDJQHWL]HG 00 WR H[WHQG LWV &365 ZLWK D VLPSOLILHG
FRQWUROVFKHPHDQGOHVV):FXUUHQWVLQMHFWHGE\WKHLQYHUWHU
7KH PDMRU FRQWULEXWLRQ RI WKLV SDSHU FDQ EH VXPPDUL]HG DV
WKUHHDVSHFWV$QHZJOREDO):FRQWUROVWUDWHJ\LVGHYHORSHG
IRUWKH'&PDJQHWL]HG00V7KHPDWKHPDWLFDOPRGHOVDQG




VWHSZLVH PDJQHWL]DWLRQ FRQWURO VWUDWHJ\ LV SURSRVHG IRU
'&PDJQHWL]HG 00V ,Q WKH SURSRVHG FRQWURO VFKHPH WKH
RSHUDWLQJ UHJLRQV DUH GLYLGHG LQWR GLIIHUHQW VWDJHV WKH
PDJQHWL]DWLRQGHPDJQHWL]DWLRQ FXUUHQW SXOVHV DUH HQHUJL]HG
RQO\LQVHYHUDOVWHSVLQVWHDGRIDFRQWLQXRXV06PDQLSXODWLRQ
FRQWURO LQ WKH SUHYLRXV VLPLODU VROXWLRQV 7KLV QHZ FRQWURO
VFKHPHFDQDYRLGWKHIUHTXHQWDFWLRQVRIWKHVZLWFKLQJGHYLFHV
IRU HQHUJL]LQJ WKH PDJQHWL]LQJ FXUUHQW SXOVH DQG KHQFH
DYRLGLQJWKHFRPSOLFDWHGFRQWUROHIIRUWV
7KLV SDSHU LV RUJDQL]HG DV IROORZV LQ 6HFWLRQ ,, WKH
FRQILJXUDWLRQ DQG IOX[ UHJXODWLRQ SULQFLSOH RI D
SURRIRISULQFLSOH PDFKLQH DUH GHVFULEHG DQG DGGUHVVHG ILUVW
IROORZHG E\ WKH PDWKHPDWLFDO PRGHOOLQJ $IWHUZDUGV WKH
SURSRVHG JOREDO FRQWURO VWUDWHJ\ LV LQWURGXFHG LQ 6HFWLRQ ,,,
EDVHGRQGLIIHUHQWWUDMHFWRULHVRIWKHRSHUDWLQJSRLQWPRYHPHQW
DORQJ WKH FXUUHQWYROWDJH OLPLW FLUFOHV 7KH GLIIHUHQW ):
UHJLRQV ZLOO EH QXPHULFDOO\ LGHQWLILHG E\ FDOFXODWLQJ WKH
WUDQVLWLRQ VSHHG ,Q ): UHJLRQ , WKH V\QWKHWLF FRQYHQWLRQDO











,Q WKLV SDSHU D WKUHHSKDVH VWDWRUVORWURWRU WRRWK
6)00 >@ LV XVHG IRU YHULI\LQJ WKH IHDVLELOLW\ RI WKH
GHYHORSHG FRQWURO VWUDWHJ\ 7KH PDFKLQH FRQILJXUDWLRQ LV
LOOXVWUDWHGLQ)LJ7KHPDFKLQHLVPDLQO\FKDUDFWHUL]HGE\D
GRXEO\ VDOLHQW VWUXFWXUH &RPSDUHG WR WKH FRQYHQWLRQDO
VZLWFKHGIOX[30PDFKLQHVWKH6)00HPSOR\VDK\EULG30
FRQILJXUDWLRQ 7KH DGGLWLRQDO GLDPHWULFDOO\ PDJQHWL]HG
$O1L&R30VDUHHPEHGGHGEHWZHHQWKH³8´VKDSHVWDWRUWRRWK
PRGXOHV DQG WKH VWDWRU \RNHV DQG WKH PDJQHWL]LQJ FRLOV DUH
ZRXQG RQ WKH $O1L&R 30V 7KH 1G)H% 30 VHUYHV DV WKH
GRPLQDQW FRQWULEXWRU IRU DLUJDS IOX[GHQVLW\ZKLOH WKH/&)
$O1L&R30DFWVDVWKHIOX[DGMXVWRUGXHWRLWVFKDQJHDEOH06
'LIIHUHQW IURPWKHFRQYHQWLRQDOPDFKLQHVKDYLQJ30VRQWKH
URWRU ERWK WKH K\EULG 30V DQG ZLQGLQJV DUH ORFDWHG RQ WKH
VWDWRU ZKLFK SHUPLWV JRRG DUPDWXUH UHDFWLRQ ZLWKVWDQG
FDSDELOLW\DQGHDV\WKHUPDOGLVVLSDWLRQ7KHVDOLHQWURWRUZLWK











7KH IOX[ UHJXODWLRQ SULQFLSOH RI WKH SURSRVHG PDFKLQH LV








SURSRVHG 6)00 FDQ FRPELQH KLJK WRUTXH GHQVLW\ RI
FRQYHQWLRQDOFRQVWDQW30IOX[PDFKLQHZLWKYDULDEOH30IOX[
FKDUDFWHULVWLFV IRU PDQLSXODWLQJ ORVVHV DQG KLJK HIILFLHQF\
GLVWULEXWLRQV ZLWKLQ D GXW\F\FOHG RSHUDWLRQ $V D UHVXOW WKH
1G)H%30VVHUYHDVDGRPLQDQWFRQWULEXWRUIRUDLUJDSIOX[
ZKLOHWKH/&)30VZRUNDVDIOX[DGMXVWRU7KHHIIHFWLYHIOX[
OLQNHG ZLWK WKH DUPDWXUH ZLQGLQJV FDQ EH VWUHQJWKHQHG RU
ZHDNHQHGZKHQWKHPDJQHWL]DWLRQGLUHFWLRQVRI/&)PDJQHWV
DUHLGHQWLFDORURSSRVLWHWRWKRVHRI1G)H%30VLHVRFDOOHG
WKH IOX[HQKDQFHG DQG IOX[ZHDNHQHG VWDWHV DV LOOXVWUDWHG LQ
)LJ7KHUHIRUHIRUORZVSHHGUHJLRQ1G)H%DQG/&)30V
DUHZLWK LGHQWLFDOPDJQHWL]DWLRQGLUHFWLRQ WKH WRUTXHGHQVLW\


















































































FDQ EH UHSHWLWLYHO\ VKLIWHG EHWZHHQ GLIIHUHQW UHFRLO OLQHV E\
WHPSRUDULO\ DSSO\LQJ UHPDJQHWL]LQJRUGHPDJQHWL]LQJFXUUHQW
SXOVH)RULQVWDQFHWKHZRUNLQJSRLQWRIWKH30LVLQLWLDWHGDW
3 ZKLFK LV WKH FURVV SRLQW RI WKH ORDG OLQH DQG WKH
GHPDJQHWL]LQJFXUYH:KHQDSSO\LQJDGHPDJQHWL]LQJFXUUHQW
SXOVH WKH ZRUNLQJ SRLQW ZLOO GHVFHQG WR * $IWHU WKH
ZLWKGUDZDORIWKHFXUUHQWSXOVHWKHZRUNLQJSRLQWZLOOPRYH
DORQJDQHZUHFRLOOLQHDQGVWDELOL]HDWQHZZRUNLQJSRLQW3
2Q WKH RWKHU KDQG ZKHQ D UHPDJQHWL]LQJ FXUUHQW SXOVH LV
DSSOLHGWKHZRUNLQJSRLQWRIWKH30ZLOOWUDFNWKHWUDMHFWRU\RI











  U NPU
U
%N  Q   %   
+HUHWKH³IOX[HQKDQFHG´DQG³IOX[ZHDNHQHG´VWDWHVUHIHU
WR³NPU ´DQG³NPU ´ZKLFKLQGLFDWHWKDWWKH/&)30VDUH
IXOO\ PDJQHWL]HG LQ WKH VDPH DQG RSSRVLWH GLUHFWLRQV WR WKH











ILQLWH HOHPHQW VLPXODWLRQ RU H[SHULPHQW +HQFH WKH IOX[
OLQNDJHHTXDWLRQVFDQEHH[SUHVVHGDV
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WRUTXH RXWSXW FDQ EH UHDGLO\ FRQWUROOHG E\ WKH DUPDWXUH DQG
PDJQHWL]LQJFXUUHQWVDVUHIOHFWHGLQWKHWKLUGHTXDWLRQRI
,,, '(6&5,37,212)7+(*/2%$/&21752/675$7(*<
7KHSURSRVHGJOREDO FRQWURO VWUDWHJ\FRPELQHV WKHGLVWLQFW
DGYDQWDJHVRIPHPRUDEOHIOX[DQGQHJDWLYHGD[LVFXUUHQW):
FRQWUROV OHDGLQJ WR DQ HIIHFWLYH H[WHQVLRQ RI &365 ZLWK
LPSURYHG HIILFLHQF\ DV ZHOO DV ORZ UHTXLUHPHQW RI LQYHUWHU
FXUUHQW
$ 2YHUDOO&RQWURO'LDJUDP
)RU WKH FRQVWDQWWRUTXH UHJLRQ WKH FRQWURO PHWKRG IRU WKH
LQYHVWLJDWHG 6)00 LV VLPLODU WR WKDW IRU WKH FRQYHQWLRQDO
VLQXVRLGDOIHG 30 PDFKLQHV >@ 'XH WR WKH XQLW\ VDOLHQF\
UDWLR WKH ,G  FRQWURO LV XWLOL]HG IRU 073$ FRQWURO 2Q WKH
RWKHU KDQG WKH FRQYHQWLRQDO QHJDWLYH ,G ): DQG 30
GHPDJQHWL]DWLRQ FRQWUROV DUH FRPELQHG LQ FRQVWDQW SRZHU
UHJLRQ 7KH RYHUDOO EORFN GLDJUDP RI WKH SURSRVHG FRQWURO
VWUDWHJ\LVVKRZQLQ)LJ7KHFRQWUROFLUFXLWPDLQO\LQFOXGHV
WZR PRGXOHV LH GULYH DQG ): FRQWURO PRGXOHV DQG WKH
IRUPHU LV EDVHG RQ D VSDFH YHFWRU SXOVH ZLGWK PRGXODWLRQ
693:0DQGWKHODWWHUDGRSWVDQHJDWLYHIHHGEDFNFRQWURO






7KH RSWLPDO FRRUGLQDWHG ): FRQWURO VFKHPH IRU WKH
FRQYHQWLRQDO GD[LV FXUUHQW ): DQG PDJQHWL]DWLRQ FRQWUROV
ZLOOEHDQDO\]HGLQWKHIROORZLQJFRQWH[WWRH[WHQG&635EDVHG
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
8QGHU WKH KLJKVSHHG RSHUDWLRQ WKH UHVLVWDQFH GURS FDQ EH
LJQRUHGDQGKHQFHFDQEHUHZULWWHQLQWHUPVRIGDQGTD[LV
YROWDJHV
       PD[V H SP PU SP H V G H V T VN / L / LZ \ \ Z Z    dX X 
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X  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
6LQFHWKHG DQGTD[LV LQGXFWDQFHVDUHYHU\FORVHWRWKRVHRI
6)00  FDQ EH UHZULWWHQ LQ WHUPV RI WKH G DQG TD[LV
FXUUHQWV










§ ·  d¨ ¸© ¹
X  
)URP WKH DVVXPSWLRQ RI XQLW\ VDOLHQF\ IRU WKH 6)00V
/G /T /VWKHZLQGLQJ LQGXFWDQFH ,W FDQEH VHHQ WKDW WKHG
DQG TD[LV YROWDJHV DUH PXWXDOO\ FRXSOHG &RQVHTXHQWO\ WKH
WKLUGWHUPVRIWKHILUVWWZRHTXDWLRQVLQFDQEHXWLOL]HGDVD




$V WKH PDFKLQH VSHHG LQFUHDVHV WKH UDGLXV RI WKH YROWDJH







VSHHGFDQ EH WKHRUHWLFDOO\ LQILQLWH DV LOOXVWUDWHG LQ)LJ E





























VXEGLYLGHG LQWR WZR VXEUHJLRQV EDVHG RQ WKH UHODWLRQVKLS
EHWZHHQLVPD[DQGȥSPNPUȥSP/V
 ):5HJLRQ,ȥSPNPUȥSP/V!LVPD[
,Q ): UHJLRQ , ZKHQ WKH PDFKLQH VSHHG LQFUHDVHV WKH
RSHUDWLQJSRLQWZLOOJUDGXDOO\UHDFKWKHFULWLFDOSRVLWLRQVRDVWR
PDLQWDLQWKHVXIILFLHQWWRUTXHRXWSXW7KHQWKHWRUTXHZLOOGURS
WR]HURZKHQ WKHFXUUHQWDQGYROWDJH FLUFOHVDUH MXVW WDQJHQW
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RSHUDWLQJ VSHHG UDQJH LV WKHRUHWLFDOO\ LQILQLWH7KLVGHHS):
UHJLRQFDQEHIXUWKHUVXEGLYLGHGLQWRWZRVWDJHV
D6WDJH
6LPLODU WR LQ ): UHJLRQ , WKH UDGLXV RI FXUUHQW FLUFOH
SURFHHGV WR GHFUHDVH ZLWK LQFUHDVLQJ PDFKLQH VSHHG LQ WKLV
VWDJH7KHRSHUDWLQJVSHHGZLOOVKLIWWRWKHSHUSHQGLFXODUOLQH
DFURVVSRLQW&IRUPDLQWDLQLQJVXIILFLHQWWRUTXHRXWSXW'XULQJ
WKLV SURFHVV WKH RSHUDWLQJ SRLQW WUDFNV DORQJ WKH 073$
WUDMHFWRU\7KHPD[LPXPDFKLHYDEOHVSHHGFDQEHH[SUHVVHGDV





























































$FFRUGLQJ WR WKH SUHFHGLQJ DQDO\VHV WKH WRUTXHVSHHG
FXUYHVFRUUHVSRQGLQJWRGLIIHUHQWRSHUDWLQJUHJLRQVDUHSORWWHG
LQ)LJ,WFDQEHREVHUYHGWKDWWKHGHPDJQHWL]DWLRQFRQWURO








/&) 30V DV VKRZQ LQ )LJ D 7KH PHPRUDEOH IOX[ DQG
FRQYHQWLRQDO GD[LV FXUUHQW EDVHG ): FRQWUROV FDQ EH
FRPELQHGDWGLIIHUHQWVSHHGUHJLRQVWRREWDLQ&365DVZLGHDV
SRVVLEOH)LJE VKRZV WKHUHVXOWDQWRSWLPDO WRUTXHVSHHG
FXUYHE\RQO\FKRRVLQJILYHW\SLFDO06VRI/&)30VZKLFKLV
YHU\FORVHWRWKHWRUTXHVSHHGFXUYHVKRZQLQ)LJD7KDW
LV WR VD\ WKH IOX[PHPRUDEOH FRQWURO FDQEH LPSOHPHQWHG LQ
VHYHUDO VWHSV DW WKH VSHHGV IURP Ȧ WR Ȧ WR DFKLHYH D ZLGH
&365 VLPLODU WR WKHFRQWLQXRXVPDJQHWL]DWLRQ FRQWURO7KXV
WKH SURSRVHG VWHSZLVH PDJQHWL]DWLRQ FRQWURO VWUDWHJ\ FDQ
HIIHFWLYHO\ DYRLG FRPSOLFDWHG FRQWLQXRXV GHPDJQHWL]DWLRQ
FRQWURO WKDW LV DGYHUVH WR WKH G\QDPLF SHUIRUPDQFH ERRVW
0HDQZKLOH WKH WUDQVLHQW SRZHU ORVV RI WKH VZLWFKHUV FDQ EH
DOVRVLJQLILFDQWO\UHGXFHG
Ȧ ȦEDVH


































FKRRVLQJ SURSHU VWHSV RI PDJQHWL]DWLRQ PDQLSXODWLRQ ,I WKH
VWHSV DUH H[FHVVLYH WKH IUHTXHQW DFWLRQV RI WKH VZLWFKLQJ
GHYLFHV PDNH WKH RQOLQH 06 FRQWURO UHODWLYHO\ FRPSOLFDWHG
ZKLOHWKHVSHHGH[WHQVLRQWHQGVWREHOHVVHIIHFWLYHZKHQIHZ
VWHSVDUHFKRVHQIRU06PDQLSXODWLRQ,QWKLVFDVHILYHW\SLFDO






FDQ EH REWDLQHG 7KHQ WKH FULWLFDO IOX[ OLQNDJH ȌSPF
FRUUHVSRQGLQJ WR WKH WUDQVLWLRQ SRLQW IURP IOX[ZHDNHQLQJ
UHJLRQ,WRUHJLRQ,,FDQEHFDOFXODWHGE\
   PD[SPF SP PU SP V VN / ,\ \ \    
&RQVHTXHQWO\WKHIOX[OLQNDJHLQFUHPHQWᶭ ȥSPIRUGLYLGLQJWKH
06FRQWUROVWHSVFDQEHREWDLQHGDV
   SP SP SPFSP 7
\ \ \\ '  '  
ZKHUHƸ7GHQRWHVWKHQXPEHURI06PDQLSXODWLRQVWHSV7KXV
WKH W\SLFDO IOX[ OLQNDJHV DQG WRUTXHVSHHG FXUYHV XQGHU ILYH
W\SLFDO06VFDQEHREWDLQHG$VDUHVXOWWKHWUDQVLWLRQVSHHGV

















































































VKRZQ LQ )LJ D ,W FDQ EH REVHUYHG WKDW WKH PHDVXUHG
UHVXOWV DJUHH ZHOO ZLWK WKH )( SUHGLFWLRQV 7KH IDFW WKDW WKH
PDQXIDFWXULQJ WROHUDQFHDQGHQGHIIHFW LJQRUDQFHDUHLJQRUHG
LQ )(DQDO\VHV LVPDLQO\ UHVSRQVLEOH IRU WKH VOLJKWPLVPDWFK
,(((75$16$&7,21621,1'8675,$/(/(&7521,&6

EHWZHHQ )( DQG PHDVXUHG UHVXOWV )LJ E VKRZV WKH
YDULDWLRQV RI )( SUHGLFWHG DQG PHDVXUHG 506 EDFN(0)V
ZLWKWKHFXUUHQWSXOVHDPSOLWXGHZKLFKFRQILUPVWKHH[FHOOHQW
IOX[UHJXODWLRQFDSDELOLW\RIWKHSURSRVHGPDFKLQH
7KHRQORDG WUDQVLHQWPDJQHWL]DWLRQ SHUIRUPDQFH KDVEHHQ





DLUJDS IOX[ ,W FDQ EH VHHQ WKDW WKH SKDVH FXUUHQW DPSOLWXGH
VZLIWO\ULVHVXSWR$GXHWRWKHFRQVWDQWORDGZLWKVSHHG
FORVHGORRSFRQWURODVZHOODVWKHIOX[ZHDNHQLQJDFWLRQ)RU
WKH GHPDJQHWL]DWLRQ FDVH XQGHU WKH FRQVWDQWWRUTXH UHJLRQ
,G FRQWURO DV VKRZQ )LJD WKH PDFKLQHVWDUWVZLWK D
JLYHQ VSHHG RI UPLQ 6XEVHTXHQWO\ WKH VSHHG RI 6)00
IOXFWXDWHV GXULQJ WKH GHPDJQHWL]DWLRQ DQG UHPDJQHWL]DWLRQ
























































































     
7LPHPV E
)LJ  0HDVXUHG RQORDG GHPDJQHWL]DWLRQ SHUIRUPDQFH RI WKH SURWRW\SH
6)00LQWKHFRQVWDQWWRUTXHUHJLRQD6SHHGE4D[LVFXUUHQW
7KH ZRUNLQJ SULQFLSOH RI D '& FXUUHQW SXOVH JHQHUDWRU LV




7KURXJK WKH 06 VHOHFWRU WKH WDUJHW 06 FDQ EH REWDLQHG
DFFRUGLQJ WR WKH RSHUDWLQJ VSHHGV RI WKH 6)00 7KH
UHODWLRQVKLSEHWZHHQWKHFXUUHQWSXOVHPDJQLWXGHDQG30IOX[
OLQNDJHGXULQJWKHGHPDJQHWL]LQJDQGUHPDJQHWL]LQJSURFHVVHV
ZLOO EH VWRUHG LQ WKH WZR ORRNXS WDEOHV 7KH FRPSDULVRQ
EHWZHHQ WKH WDUJHW 30 IOX[ OLQNDJH DQG WKH SUHVHQW 30 IOX[
OLQNDJH ZLOO GHFLGH ZKHWKHU WR GHPDJQHWL]H WKH 30V RU
UHPDJQHWL]HWKH30V7KURXJKWKHRXWSXWRIWKHORRNXSWDEOHV
DQGWKHFRPSDUDWRUWKHFXUUHQWSXOVHWRFKDQJHWKH06RI30V
FDQ EH ILQDOO\ JHQHUDWHG:LWK WKHSURSRVHGFRQWURO VWUDWHJ\
WKH V\QWKHWLF WRUTXHSRZHUVSHHGFXUYHV FDQEHREWDLQHGDQG
WKHRSHUDWLQJUHJLRQRIWKH6)00LVH[WHQGHG
7KH PHDVXUHG WRUTXHSRZHUVSHHG FXUYHV RI WKH PDFKLQH
ZLWKRUZLWKRXWWKHSURSRVHGFRQWUROVWUDWHJ\DUHVKRZQLQ)LJ
ZKHUH,GHPDJ LV WKHGHPDJQHWL]LQJFXUUHQWPDJQLWXGH7KH


















GD[LV FXUUHQWEDVHG):FRQWURO 2Q WKHRWKHUKDQG WKH30
GHPDJQHWL]DWLRQ DQG FRQYHQWLRQDO GD[LV FXUUHQW EDVHG ):
FRQWUROVDUHFRPELQHGDWGLIIHUHQWVSHHGUHJLRQVWRH[WHQGWKH
&365 DV ZLGH DV SRVVLEOH $V D UHVXOW ZLWK WKH SURSRVHG
FRQWURO VWUDWHJ\ D QHZ WRUTXHVSHHG FXUYH V\QWKHVL]HG E\
FKRRVLQJ GLIIHUHQW 06 ODEHOOHG ZLWK GLIIHUHQW ³,GHPDJ´ LV
REWDLQHG ,W VKRZV WKDW WKH SURSRVHG FRQWURO VWUDWHJ\ ZLWK
VWHSZLVH SHUIRUPLQJ RQOLQH 30 GHPDJQHWL]DWLRQ FRQWURO FDQ
HIIHFWLYHO\ H[WHQG WKH&365 FRPSDUHG WR WKH FDVHZLWK RQO\
WUDGLWLRQDO GD[LV ): FXUUHQW FRQWURO ,Q IDFW WKH PHDVXUHG
UHVXOWV LQGLFDWHV WKDW WKH PDFKLQH FDQ IXUWKHU H[WHQG WKH
DGMXVWDEOHVSHHGUDQJHEH\RQGUPLQDVUHIOHFWHGLQWKH
SRZHUVSHHGFXUYHVLQ)LJE7KHFULWLFDOIOX[ OLQNDJH LQ
WKH WUDQVLWLRQ SRLQW IURP ): UHJLRQ , WR UHJLRQ ,, FDQ EH




VWDWH WKH QHJDWLYH GD[LV FXUUHQW ): FRQWURO UDWKHU WKDQ WKH
FRPELQHG FRQWURO PHWKRG FDQ EH VLPSO\ HPSOR\HG IRU WKH
&365 H[WHQVLRQ 2YHUDOO WKH PHDVXUHG UHVXOWV YDOLGDWH WKH
SUHFHGLQJDQDO\VHVLHWKHIOX[ZHDNHQLQJFDSDELOLW\FDQEH
























, H DJ $
,GHPDJ $














,GHPDJ $ ,GHPDJ $









,Q RUGHU WR LOOXVWUDWH WKH PDJQHWL]DWLRQ SURFHVV XQGHU WKH
SURSRVHG FRQWURO VWUDWHJ\ ZKHQ WKH PDFKLQH HQWULHV WKH ):
RSHUDWLRQUHJLRQ)LJVKRZVWKHWUDQVLHQWFKDUDFWHULVWLFVRI
WKH WUDQVLWLRQ SRLQW ,GHPDJ   $ EHWZHHQ WZR DGMDFHQW
RSHUDWLQJUHJLRQVXQGHUGLIIHUHQW06VLQFOXGLQJGHPDJQHWL]LQJ
FXUUHQWSXOVHGD[LV FXUUHQWTD[LV FXUUHQW VSHHGDQGSKDVH
FXUUHQW$VVKRZQLQ)LJDDGHPDJQHWL]LQJFXUUHQWSXOVH
ZLWKWKHPDJQLWXGHRI$DQGPVGXUDWLRQLVLQMHFWHGWR
GHPDJQHWL]H WKH $O1L&R PDJQHWV RI WKH 6)00 'XH WR WKH
UHGXFWLRQ RI 30 IOX[ OLQNDJH WKH PDJQLWXGH RI GD[LV ):
FXUUHQW LV GHFUHDVHGZKLOH WKHPDJQLWXGHRITD[LV FXUUHQW LV
LQFUHDVHGZKLFKDUHVKRZQLQ)LJVEDQGF,QDGGLWLRQ
WKH GHPDJQHWL]LQJ FXUUHQW SXOVH OHDGV WR WKH GURS RI
HOHFWURPDJQHWLFWRUTXHDQGKHQFHDTD[LVFXUUHQWSXOVHLQ)LJ
F LV SURGXFHG WR FRPSHQVDWH WKH WRUTXH GURS 7KH
IOXFWXDWLRQ RI VSHHG LV VKRZQ LQ )LJ G ZKLFK LV
LQFRQVSLFXRXVEXWWKHG\QDPLFUHVSRQVHLVUHODWLYHO\VORZGXH
WR WKH ODUJH ORDG PRPHQW RI LQHUWLD RI WKH PDJQHWLF SRZGHU
EUDNH LQ WKH 21262.., 76 7RUTXH 6WDWLRQ ,Q )LJ
H WKH SKDVH FXUUHQW DPSOLWXGH RI WKH 6)00 LV UHGXFHG

















































WUDQVLWLRQSRLQWV LQ WKHRSWLPDO WRUTXHVSHHGFXUYHXQGHUWKH):UHJLRQ D
'HPDJQHWL]LQJFXUUHQWSXOVHPVGLY$GLYEGD[LVDQGFTD[LV
FXUUHQWFKDUDFWHULVWLFVF6SHHGH3KDVHFXUUHQW
)LJ VKRZV WKHPHDVXUHGHIILFLHQFLHVRI WKH PDFKLQHDW
GLIIHUHQWVSHHGVUHVSHFWLYHO\7KHHIILFLHQF\LVPHDVXUHGXVLQJ
WKH RXWSXW PHFKDQLFDO SRZHU GLYLGHG E\ WKH LQSXW HOHFWULFDO
SRZHU 7KH RXWSXW PHFKDQLFDO SRZHU LV FDOFXODWHG E\
PXOWLSO\LQJWKHRXWSXWWRUTXHDQGVSHHGPHDVXUHGE\WKHWRUTXH
PHWHU %HVLGHV WKH LQSXW HOHFWULFDO SRZHU LV PHDVXUHG E\ D
SRZHUDQDO\]HU<RNRJDZD:7SUHFLVLRQ,WFDQEHVHHQ
WKDW ZKHQ WKH SURSRVHG FRQWURO VWUDWHJ\ LV HPSOR\HG KLJKHU
HIILFLHQF\DW KLJK VSHHGV FDQEH DFKLHYHG 7KLV FRQILUPV WKH






























7KLV SDSHU SURSRVHV D VWHSZLVH PDJQHWL]DWLRQ FRQWURO
VWUDWHJ\ IRU 6)00 WR DYRLG WKH FRPSOLFDWHG FRQWURO HIIRUWV
ZLWK WKH FRQWLQXRXV DQG IUHTXHQW DGMXVWPHQW RI WKH 30 IOX[
OLQNDJHZLWKWKHFXUUHQWSXOVH7KHSURSRVHGFRQWUROVWUDWHJ\LV
HVWDEOLVKHG E\ GLYLGLQJ WKH RYHUDOO RSHUDWLQJ HQYHORS LQWR
VHYHUDO UHJLRQV EDVHG RQ WKH RSHUDWLQJ FKDUDFWHULVWLFV XQGHU
YDULRXV 30 06V )RU ): UHJLRQ , WKH QHJDWLYH ,G DQG WKH
GHPDJQHWL]DWLRQ FXUUHQW VKRXOG EH FRPELQHG WR H[WHQG WKH
VSHHG UDQJH ZKLOH WKH GHPDJQHWL]DWLRQ FRQWURO EHFRPHV
XVHOHVVGXULQJ WKHGHHS):UHJLRQ ,, )XUWKHUPRUH LW VKRZV
WKDWWKHUHVXOWDQWRSWLPDOWRUTXHVSHHGFXUYHE\RQO\FKRRVLQJ
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